Introduction
As the wheel/rail is an opening system, many factors affect the contact behaviour in the wheel/rail interface. The wear and RCF of rail as major damage types often occur in the wheel/rail contact and play a vital role in influencing the safety and maintenance of railway track. It is noted that many oblique fatigue cracks appear on the railway wheel and rail surfaces, which can result in complete failure of rail and potential derailment. As reviewed in previous literature, lots of factors such as wheel and rail materials, lubricants, contact parameters (contact pressure, slip ratio, axle load, curve radius, etc.), operating environment (water, snow, low temperature), have a significant influence on wear and RCF of wheel and rail materials [1] [2] [3] [4] . Therefore, the formation mechanism and controlling measures of RCF and related defects of wheel/rail are an ongoing concern for many researchers.
It is well known that the microstructure of materials determines the wear and RCF performances of wheel/rail [5] [6] [7] . Meanwhile, the initiation and propagation of RCF cracks is always affected by the microstructure of materials [8] [9] [10] . The deformed microstructure influences the RCF crack initiation in rail and it is found that surface cracks primarily initiate along the more highly strained, proeutectoid ferrite phase boundaries [11] . In recent years, the development of steel making technology has substantially reduced RCF defects associated with non-metallic oxide inclusions and hydrogen shatter cracking [12] . The decrease of lamellar spacing of pearlitic rail contributes to improving the wear and RCF resistance. Some premium rail steels exhibit pro-eutectoid cementite at the prior austenite grain boundaries, for example the new rail material with better RCF resistance, developed by Ordonez Olivares et al. [13] . However, it is noted that wear mass losses from a disc-on-disc testing are similar for bainitic and pearlitic microstructures regardless of their initial hardness [14] . Decarburization often appears on the rail surface due to fact that the oxidization of carbon is faster than that of iron in the hot rolling process [15] . Evidence is provided to show that the effect of 3 decarburization on the rail surface on RCF is to increase the crack growth rate of samples with increasing depth [15] [16] . Furthermore, the crack propagating mechanisms are different between the non-decarburized and decarburized rail materials [16] .
Moreover, various lubricants (oil, grease, friction modifier, etc.) are frequently used to decrease the wear of the wheels and rails and significantly influence the initiation and growth of rolling contact fatigue cracks. The performance of different grease types as curve lubricants was assessed and there is an inverse relationship between retentivity and disc wear rate [17] .
Hardwick has produced a new Tγ wear curve and creep curve for 260 grade rail and R8T wheel materials using a twin disc testing technique under the dry, water and grease lubrication conditions [18] . Water is commonly present in the wheel/rail interface and greatly reduces the wear of wheel/rail and transforms the damage mechanism of the wheel and rail materials [19] .
The application of friction modifiers greatly reduces the wear of the rail head [20] . Hardwick found that the application of lubrication accelerates the propagation of pre-existing cracks and the increase of RCF damage is closely related to the viscosity of the lubricants [1] . The growth speed of RCF cracks is the fastest when water is applied. A numerical technique has also been used to estimate the effect of lubricant on the stress intensity factors (SIF) of rolling contact fatigue cracks in the rolling-sliding contact [21] .
In the wheel/rail contact, both rolling and sliding always occurs in the contact area. On a straight track, the wheel tread is in contact with the rail head, but in curves the wheel flange may be in contact with the gauge corner of the rail. Therefore, the stick area (no relative sliding) and slip area can be found in the wheel/rail contact zone. With the slip ratio increasing, the wear mechanism of wheel and rail materials transforms from slight oxidation wear to severe fatigue wear and spalling damage [22] . On the other hand, fatigue strength obtained by RCF tests decreases with the increase in the slip ratio [23] . The slip ratio also affects the minimum crack size for growth in a rolling-sliding contact [24] .
It is a fact that slip ratio varies in the wheel/rail contact, which could bring an important influence on RCF crack characteristics of rail materials. Clayton and Hill [25] have found that there is an interesting result for the relationship between the creepage and RCF life. However, the explanation of why this variation occurs needs further clarification. In view of this, the effect of slip ratio on rolling contact fatigue of rail materials was studied under wet conditions using a twin disc machine. Particularly, the propagation characteristics of RCF cracks were explored using various micro-examinations.
Experimental details
RCF testing was performed on the Sheffield University Rolling Sliding (SUROS) twin-disc tester. Details of its capabilities and usage have been described in the literature [26] .
It is based on a Colchester Mascot lathe with an independently driven AC motor at the tailstock end, shown in Fig.1 . A torque transducer mounted on one of the shafts continually monitors the torque. A load sensor (accuracy: ±2%) mounted beneath the hydraulic jack is used to measure the required normal load. Slip ratios are achieved by means of alteration of the rotational speed of the AC motor. The wheel disc (lower roller) acts as a driving disc and the rail disc (upper roller) acts as the brake for simulating the traction state.
The wheel and rail rollers were cut from R8T wheel rim and 260 grade rail head parallel, and as close as possible to the outer surface. All rollers were machined to a diameter of 47 mm with a contact width of 10 mm. A rotational speed of 400 r/min and a maximum contact pressure of 1500 MPa from a normal load of about 7.14 kN were used. In the testing process, water was added to the surface of rail disc using a channel at a rate of about 2 drops per second. The slip ratios used were 0, 0.3%, 1%, 5% and 10%. All tests were run under dry conditions first for 500 cycles at 1% slip ratio in order to initiate RCF damage on the rail disc surfaces. This was followed by wet testing at different slip ratios. This is a standard approach to RCF testing on the SUROS machine [25] . An eddy current crack detection system was used to monitor the growth of cracks with increasing cycles [27] . A differential eddy current probe (accuracy: 10 µm) ( Fig.2a) was connected to the detector about 0.3 mm from the surface of the rail roller. RCF failure definition was set using a calibration rail disc with wire eroded reference cracks in the disc surface [27] [28] . When a calibration rail disc was rotated in the calibration experiment, the signal of the eddy current probe as a reference signal was displayed on the detector screen (Fig.2b) . When the signal of cracks in the testing discs reached the reference signal (Fig.2b) , the test was stopped and RCF life of rail materials was obtained.
Testing was performed under an ambient temperature of 20~22 ºC and humidity of 30~40%. The wear rates (mass loss (µg) per rolling cycle) of rail rollers were measured by an electronic balance (accuracy: 0.1 µg) and the first weighing was achieved before the dry testing. The hardness was measured using a Vickers hardness instrument (MVK-H21, Japan).
The damaged surfaces and longitudinal sections cut along the rolling direction were examined using scanning electronic microscopy (SEM) (JSM-7001F, Japan) and optical microscopy (OM) (OLYMPUS BX60M, Japan). 
Results

Traction coefficient and fatigue life
Traction coefficients of wheel/rail discs under wet conditions are shown in Fig.3 and it is found that, after a settling-in period, the traction coefficients remain fairly constant with an increase in the number of cycles (Fig.3a) . With an increase of slip ratio from 0 to 1 %, the steady-state traction coefficient rapidly increases due to the increase of micro-slip in the contact zone, shown in Fig.3b (the value is average traction coefficient during the wet period for each test). Furthermore, average traction coefficient is stable before there is a small fall as slip ratio changes from 1% to 5% and 10% under the wet condition. An interesting result about the fatigue life of rail discs is given in Fig.4 . As slip ratio slightly increases to from 0 to 0.3%, the fatigue life falls. Then, RCF life of the rail discs increases when slip ratio is increased to 1%. However, there is a further drop as slip ratio changes from 1% to 5%. As slip ratio increases further to 10%, the RCF life does not seem to change. 
Wear and surface damage
It is visible from Fig.5 that the wear rate of rail discs rapidly increases with the slip ratio increasing from 0 to 0.3%. As the slip ratio further increases to 1%, the wear rate of the rail disc slightly falls. When the slip ratio changes from 5% to 10%, the wear rate also has an obvious drop. It is noted that the wear rate is closely related to the change of the traction force in the wheel/rail interface under wet conditions as slip is created. It should be noted that the wear transition from mild wear to severe wear may be caused by the increase of slip ratio in the wheel/rail interface under dry conditions [29] . However, the wear rate of the rail disc in this study peaks under the 0.3% slip ratio condition. The expected reason may be high crack growth rate (low RCF life in Fig.4 ) resulting in more material removal from the rail disc at 0.3% slip ratio under wet conditions. So, the wear mechanism in this case is different from the dry condition under the same slip ratio condition. SEM microscopic observation of surface damage on the rail discs in Fig.6 shows that the surface damage is very slight and that there is slight fatigue when the slip ratio is zero (Fig.6a) .
With the slip ratio increases to 0.3% and 1%, some thin metal tongues are found on the surface of the rail discs (Fig.6b and c) and the fatigue effects are more obvious. When the slip ratio further increases to 5% and 10%, the surface damage becomes more serious and the fatigue is significant on the surface of rail discs. Furthermore, slight pitting appears on the rail disc's surface when the largest slip ratio (10%) is applied. The experimental results show that the surface damage of rail discs with dry pre-testing of 500 cycles under wet conditions is remarkably affected by the slip ratio in the wheel/rail contact. With the slip ratio increasing from 0 to 10%, the damage of rail discs increases and the damage mechanism transforms from slight surface fatigue to serious fatigue and slight pitting damage. However, the wear rate of the rail discs has no obvious change as the slip ratio increases from 1% to 5%. The reason may be explained that after the full slip condition has been reached, increasing slip ratio further then has no effect on the wear [29] . It is well known that the hardness variation of the sections reflects the sub-surface shear deformation of rail materials, shown in Fig.7 . The hardness rapidly increases and reaches a maximum as the depth below the surface increases, with the depth of the peak hardness decreasing with increasing slip. Then, the hardness gradually decreases and nears the bulk value of the rail materials with further increase in the distance from surface. Under the wet hardening shear stress is located below the surface of the rail discs (Fig.8) . Furthermore, there is no visible sub-surface deformation layer due to very small traction force in the wheel/rail interface when the slip ratio is zero (Fig.8a) . It is obvious in Fig.8c that the depth of plastic deformation layer rapidly increases with the rise in slip ratio from 0 to 0.3% and then a slight increase with further increase to 10%. There is a similar change in the surface damage of the rail discs with the increase in slip ratio. 
RCF cracks behaviour
OM microscopic observation in Fig.9a shows that there is no visible fatigue crack when the slip ratio is zero. It should be noted that the traction force in the wheel/rail interface has a vital role in the formation of RCF crack [30] . As the traction force is very small, it is very difficult to initiate cracks under wet conditions. It is worth noting that pure rolling is not actually achieved in the testing process. Actual RCF life of the rail disc should be far more than experimental data in Fig.4 when the slip ratio is zero. With the slip ratio increasing, many cracks can be found sub-surface of the rail discs (Fig.9b) . 
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Figs.10~13 give higher magnification SEM micrographs of fatigue cracks of the rail discs. It is obvious that many cracks are parallelly distributed along the deformation line of the rail discs and grow at a certain angle. It should be noted that the length of RCF cracks varies, however, it is found that the maximum length of cracks under different slip ratio conditions is almost the same. In the crack growth process, there are many branch cracks (Figs.10 and 11 ). When 0.3% slip ratio is applied, multi-layer cracks are found. With the slip ratio increasing (5% and 10%), annular branch cracks appear due to the connection of branch cracks (Figs.12 and 13). It is worth noting that the formation of branch and annular cracks is affected by the deformation of the rail discs. When the slip ratio increases from 0.3% to 1%, the depth of the deformation layer (Fig.8c ) and branch cracks (Figs.10 and 11) both increase.
Furthermore, when the slip ratio increases from 5% to 10%, the deformation of the rail discs becomes more and more serious, which means that more annular cracks appear (Figs.12 and   13 ). It is clear in Fig.14 that the growth angle of RCF cracks (crack angle is the included angle between parallel surface direction and crack growth direction, shown in Fig.9b ) is significantly different under different slip ratio conditions. The maximum and average of crack angle of the rail discs obviously increases with the slip ratio increasing. Fig.10 . SEM micrographs of fatigue cracks of rail discs at slip ratio of 0.3%.
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Rolling direction Rolling direction Fig.11 . SEM micrographs of fatigue cracks of rail discs at slip ratio of 1%. Fig.12 . SEM micrographs of fatigue cracks of rail discs at slip ratio of 5%. 
Discussion
In this study, pre-testing with 500 cycles at 1% slip ratio under dry condition was carried out for initiating initial slight RCF damage on the rail disc surfaces. Previous test results indicated that initial dry cycling significantly affects the RCF life under wet conditions [31] .
Furthermore, water accelerates the growth of rolling contact fatigue cracks of the wheel and rail discs with pre-existing initial damage [32] . In the rolling-sliding process, water could easily enter the initial surface cracks of rail discs and then, as an incompressible fluid, will be sealed and trapped in the crack mouth. This causes a rapid growth of cracks due to a hydraulic crack growth mechanism, shown in Fig.15a . With the cycling number increasing, the length of cracks will constantly increase by means of hydraulic crack growth in Mode I. In this crack growth mechanism, the viscosity of lubricants plays a vital role in the growth rate of cracks.
Hardwick [1] has explored the influence of different friction modifiers on the crack propagation and found that a lower viscosity product causes accelerated crack growth of rail materials.
It is noted that the crack growth needs a driving force in the cyclic normal load process.
The stress intensity factor of crack growth is affected by many factors in the contact surface and crack face [33] . The traction coefficient is the most dominant parameter in the determination of minimum crack size for growth [24] and this means that there is a different driving force of crack growth under different traction coefficient conditions. When the slip ratio is zero, the traction force in pure rolling contact is very small, so it is difficult to provide a sufficient driving force for crack growth. So, RCF life is very long. When slip ratio increases to 0.3%, the increase of traction force results in an obvious decrease of RCF life (Fig.4) . Increasing slip ratio would change the distribution of stick and slip area (Fig.15b ) and the stick area decreases and the slip area increases with the slip ratio increasing. In this process, the increase of slip area in the contact zone may cause the decrease of driving force from the hydraulic crack growth owing to the decrease of crack fluid. So, RCF life of the rail disc would increase when the slip ratio increases from 0.3% to 1%. Once the slip ratio exceeds 1%, the stick area will always disappear and full slip area exists in the wheel/rail contact zone. So, increasing relative sliding velocity of wheel/rail discs leads to an increase in the driving force of crack growth, which makes RCF life of the rail discs at 5% and 10% slip ratios to fall compared with 1% slip ratio condition. It is worth noting that similar experimental results were also obtained by Clayton and Hill [25] by means of a water-lubricated RCF testing without pre-existing RCF cracks. However, the rollers in this case were lubricated by the water all the while during the testing and the experimental method is not same compared with this study. Furthermore, no in-depth explanation in Clayton and Hill's study was given for this effect in their work. characteristics of the rail discs, shown in Fig.15c [34] . When Tγ value is small, low wear rate occurs and the RCF damage dominates and so the RCF life is short (slip ratio is less than 0.3% in this study). After the Tγ value reaches a critical point, the wear increases and dominates. So, the RCF life will increase (e.g. 1% slip ratio). Furthermore, it is worth noting that the higher temperatures associated with 5% and 10% slip during testing in the contact zone may reduce the RCF life of rail materials. In summary, the variation of RCF life versus slip ratio in this study may be a complicated and comprehensive effect resulting from various contact characteristics of stick area and slip area in the wheel/rail contact zone (resulting in different hydraulic crack growth effect, contact temperature) and a competitive relation between RCF and wear damage and Tγ value. Furthermore, the growth of branch cracks based on Mode I was explored by Wong [35] .
The stress intensity factor of crack tip would significantly affect the growth path and direction of crack. In this case, the increase of slip ratio obviously increases the growth angle of cracks.
It is worth pointing out that many factors influence the crack propagation characteristics under the fluid lubrication condition. In view of understanding the dynamic crack growth behaviour, further work on the crack growth driving force, stress intensity factor and propagation path should be calculated and evaluated using crack modelling under different slip ratio conditions.
Conclusions
This experimental study explored the role of slip ratio in RCF cracks and fatigue life of rail materials under a water lubricated condition. The following conclusions were obtained:
1. Slip ratio has a significant and interesting influence in the wear and RCF life of rail materials owing to various contact characteristics of stick area and slip area in the wheel/rail contact and a competitive relation between damage and Tγ value. With the slip ratio increasing from 0 to 10%, the damage mechanism of rail discs transforms from slight surface fatigue to serious fatigue and slight pitting damage.
2. With an increase in slip ratio from 0 to 0.3%, the RCF life of rail materials has an obvious decrease. As slip ratio increases to 1%, RCF life increases. Then, RCF life has a drop as slip ratio changes from 1% to 5% and 10%.
3. Under a dry 500 cycles pre-testing condition, water accelerates the crack growth due to hydraulic crack growth mechanism, which results in the appearance of branch cracks and annular branch cracks. The increase of slip ratio significantly increases the growth angle of RCF cracks.
